Recent, global mass-mortalities of reef corals due to record warm sea temperatures have led researchers to consider global warming as one of the most significant threats to the persistence of coral reef ecosystems. The passage of a hurricane can alleviate thermal stress on coral reefs, highlighting the potential for hurricaneassociated cooling to mitigate climate change impacts. We provide evidence that hurricane-induced cooling was responsible for the documented differences in the extent and recovery time of coral bleaching between the Florida Reef Tract and the U.S. Virgin Islands during the Caribbean-wide 2005 bleaching event. These results are the only known scenario where the effects of a hurricane can benefit a stressed marine community.
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coral bleaching ͉ hurricane cooling ͉ thermal stress C oral bleaching is the loss of endosymbiotic algae (zooxanthellae) and/or a reduction in the photosynthetic pigment concentrations within the zooxanthellae that can be caused by many adverse environmental conditions (1); however, high sea temperature has been found to be the most important causal factor at large spatial scales (1) (2) (3) . Worldwide, coral reefs are in a state of decline as a result of many local and regional-scale factors, and one of the greatest threats to the persistence of coral reef ecosystems over the next century is sea temperature warming (4, 5) . Hurricane development is dependent on warm (Ͼ26°C) sea temperatures (6) and often correlated with widespread bleaching events. A common physical effect of hurricane passage is a reduction in sea temperature (up to 5°C) caused by wind-forced vertical mixing (7) (8) (9) . It is well documented that physical impacts from storms can be devastating to coral reef ecosystems (10) , but the damage caused by storms is highly variable between and within affected reefs (11) . Severe damage to coral reefs has been observed and predicted to occur on reefs up to 30-90 km from a storm's center (12) (13) (14) . Based on the spatial and temporal correlation between coral bleaching events and hurricanes, it has been hypothesized that bleached corals may benefit from hurricane passage (15) . To better understand this potential feedback, the magnitude and duration of sea temperature cooling coincident with the passage of hurricanes and tropical storms was assessed for five reef sites on the Florida Reef Tract from 1998 to 2005. We provide evidence that hurricane-induced cooling was responsible for the documented differences in the extent and recovery time of coral bleaching between the Florida Reef Tract and the U.S. Virgin Islands (USVI) during the Caribbean-wide 2005 bleaching event.
Results and Discussion
Decreases in sea temperatures associated with high winds coincided with all hurricanes and tropical storms that passed within 700 km of the Florida Reef Tract (Table 1) . Sea temperatures were cooled by 0.3-3.2°C (mean Ϯ SEM ϭ 1.5°C Ϯ 0.10, n ϭ 53) by hurricanes or tropical storms whose tracks passed within 400 km of a site, which is consistent with observations made in Okinawa (15, 17) . When storms were Ͼ400 km from a site, ⌬°C (magnitude of cooling) ranged from 0.1 to 0.9°C (mean Ϯ SEM ϭ 0.5°C Ϯ 0.09, n ϭ 10). ⌬°C was significantly related to the nearest distance a storm track passed from a site and was greater when a site was to the left of the storm track ( Fig. 1 and Table 2 ). The most intense surface seawater cooling in the open ocean occurs to the right of a storm's track in the Northern Hemisphere (7-9, 18, 19) , but the dynamics of hurricane-induced cooling for reef sites, and complex coastal and shelf environments, are poorly understood (9) . The evidence presented here and elsewhere (15) suggests that the coastal cooling response may differ from that in the open ocean. Wind speeds at the sites were significantly correlated with their distance from the storm track and therefore related to ⌬°C (Table 2 ). For the same wind speed, ⌬°C was greater for sites to the left of the storm track than the right ( Table 2) .
The duration of sea temperature decrease to levels below average ranged from 1 to 40 days (mean Ϯ SEM ϭ 11 days Ϯ 1.2, n ϭ 49) for storms within 400 km, and from 0 to 6 days for storms Ͼ400 km from reef sites on the Florida Reef Tract (mean Ϯ SEM ϭ 2 days Ϯ 0.9, n ϭ 10) ( Table 3 ). The duration of cooling was significantly related to ⌬°C (correlation analysis, r ϭ 0.49, n ϭ 59, P Ͻ 0.0001), distance from the storm track, and wind speed ( Table 2 ). Unlike ⌬°C, the duration of cooling was not significantly related to the side of storm passage ( Table 2) .
In 2005, instances of bleaching in Florida and the USVI coincided with sea temperatures that were warmer than average (Fig. 2) and with the accumulation of thermal stress estimated by the degree heating weeks (DHW) (20) index (Fig. 3) . Bleaching was considerably less prevalent and of shorter duration on the Florida Reef Tract compared with the USVI. In September 2005, bleaching prevalence on the Florida Reef Tract was nearly identical to that observed in the USVI (Fig. 3 ). However, in October, it began to decline in Florida and continued to increase in the USVI (Fig. 3 ). Cooling due to Hurricane Rita (September 21-27, 2005) appears to have facilitated the recovery of corals in Florida as the accumulation of DHW ceased. Then, in late October the passage of Hurricane Wilma caused a large decrease in temperature (mean Ϯ SEM ϭ 2.6 Ϯ 0.2, n ϭ 3), followed by rapid bleaching recovery (within Ϸ2 weeks; Fig. 4 ), as evidenced by a dramatic decline of prevalence in early November to levels near those observed at the start of monitoring (Fig. 2) . Conversely, in the USVI, bleaching peaked at that time with nearly 90% of all coral colonies bleached ( Fig. 2) . Interestingly, if a decrease in sea temperature comparable with that caused by Wilma in Florida occurred in the USVI in late October, temperatures there would have dropped to values observed in January when recovery was underway. Despite the high frequency of hurricanes in the North Atlantic in 2005, the closest storm to pass near the USVI was tropical depression Alpha (October 22-24; maximum sustained winds ϭ 45 knots), which was Ͼ400 km away. In the absence of storm-induced cooling pulses, only the general seasonal decline in sea temperature was recorded. Consequently, the thermal stress accumulation continued longer (3 months in the USVI vs. 2 in Florida), bleaching prevalence was higher, and recovery from bleaching was greatly delayed into 2006 in the USVI. (22). If we use these frequencies as a baseline for the expected rate of future events, we find that the chance of a hurricane landfall and a bleaching event co-occurring in any given year is low (P ϭ 0.14). If we assume the rate of bleaching in the future will be more representative of that observed from 1997 to 2005 [ f bleaching-(1997-2005) ϭ 0.33 yr Ϫ1 ], the probability of these two phenomena co-occurring in the same year increases slightly [P ϭ f bleaching-(1997-2005) ϫ f hurricane-(1851-2005) ϭ 0.17]. The benefit that temperature-stressed corals may derive from proximal hurricane passage increases proportionally with the number of hurricanes in a given year, but multiple hurricane impacts at the same site in 1 year becomes less likely with each additional storm. For instance, the likelihood of four hurricanes impacting the Florida Reef Tract, which occurred in 2005, coincident with a bleaching event is rare (P ϭ 0.02). The factors conducive to coral bleaching and hurricane formation are not entirely independent (i.e., warm water, low vertical wind shear; see www. aoml.noaa.gov/hrd/tcfaq/tcfaqHED.html), and the historical data of hurricane events only considers storms that made landfall ANCOVA tests represent results from test for equal slopes as all tests for unequal slopes were not significant (NS). ⌬°C was log transformed ͓ln(⌬°C)͔ and duration of cooling was square-root-transformed for regression analyses.
in south Florida. Hurricanes Dennis and Rita did not make landfall in south Florida in 2005, yet cooling along the entire Florida Reef Tract was observed as a result of these storms (Table 1) . Thus, these factors likely make the probabilities reported an underestimate of the chances of these two events occurring at the same time.
Hurricane cooling is not expected to completely nullify the proposed effects of climate change on coral reefs (4, 5); however, instances in which hurricane and bleaching events co-occur can have a significant effect on coral reef persistence. We have shown that the area of cooling extends substantially outside the narrow swath of physical damage, providing empirical evidence that the passage of a hurricane can proportionally benefit a much greater area than it disturbs when reef corals are thermally stressed. During the 2005 Caribbean-wide bleaching event, the Florida Reef Tract was impacted by multiple hurricanes, whereas no major storms passed within 400 km of the USVI. Consequently, the prevalence of bleaching was considerably less, and recovery occurred more rapidly on Florida reefs compared with those in the USVI. Hurricane-induced cooling on Florida reefs depressed the accumulation of thermal stress, which likely explains the differences in bleaching between Florida and the USVI. Single, severe bleaching events can have dramatic, longlasting impacts on the structure and function of coral reefs (23) , and the cooling benefit of a hurricane can have substantial mitigative effects as documented in this study. Value refers to number of days it took for sea temperature to warm to prestorm value. Abbreviations are defined in Table 1 . *Indicates that site was below long-term average before impact of storm. Daily average sea temperature and daily average wind speed were determined from 1998 to 2005 for the five reef sites on the Florida Reef Tract. ⌬°C (difference between prestorm and poststorm daily average sea temperature), the duration of cooling (number of days that sea temperature remained below the seasonal average), and the daily maximum wind speed due to storms was determined. The seasonal sea temperature cycle was estimated by taking the average of each day for the years of data available at each site and was smoothed by interpolating a sixth-order polynomial by using least squares. Data acquisition began in 1988 at Molasses and Sombrero Reef, in 1991 at Fowey Rocks and Sand Key, and in 1992 at the Dry Tortugas. Daily average sea temperature from Sombrero Reef was used in Fig. 2 because this site was near those monitored for bleaching and is located roughly in the middle of the Florida Reef Tract. Regression analysis was used to evaluate the relationship between both ⌬°C and the duration of cooling with distance from the storm center and wind speed. Distance from the storm center was estimated as the nearest distance that the plotted coordinates of a storm track passed to a site (see weather.unisys.com/ hurricane/atlantic for Atlantic Tropical Storm tracking by year). The relationship between cooling patterns and the location of a site with respect to the track of the storm was tested with analysis of covariance (ANCOVA; tests for equal and unequal slopes). An ␣ level of 0.05 was used for significance in all tests.
Sea temperature in the USVI was measured with an in situ Conductivity, Temperature, and Depth (CTD) instrument (part NXIC-CTD-BIO-AUTO, Falmouth Scientific, Cataumet, MA) affixed at 1-m depth to the National Oceanic and Atmospheric Administration (NOAA) Integrated Coral Observing Network (ICON) station at Salt River Bay, St. Croix, USVI (17°47Ј2.7ЉN, 64°45Ј41.34ЉW) that has been operational since 2002. The seasonal temperature cycle at this site was estimated in the aforementioned way, but we caution that this likely does not represent a true climatology given the short time frame over which data were acquired. Accumulated thermal stress was estimated by DHW, and values for Florida and the USVI were obtained online (see coralreefwatch.noaa.gov/satellite/current/sstseries24reefs.html for NOAA Coral Reef Watch SST/DHW Time Series and Satellite Bleaching Alerts). DHW are the number of weeks that sea surface temperatures are 1°C greater than the expected annual maximum and represent the accumulation of thermal stress for the past 12 weeks (ref. 20 and http://coralreefwatch.noaa.gov/satellite/current/ sstseries24reefs.html).
Coral Bleaching Documentation. Corals within permanent quadrats (16 m 2 , n ϭ 5 per site) were surveyed for bleaching approxi- At each location, prevalence of bleaching was calculated as the mean proportion of coral colonies Ͼ10 cm in maximum diameter within sampling units (quadrats or transects) exhibiting bleaching on Ͼ10% of the colony's surface area. Bleaching prevalence values were averaged over all sampling units at all sites for each region. Bleaching-induced, complete colony mortality was rare during the recovery period in the USVI and was not observed for any corals monitored in Florida, ensuring that decreases in bleaching prevalence represented recovery. Recovery was deemed complete when bleaching prevalence declined to Ͻ10%, which was similar to ambient levels of bleaching before temperature disturbance.
